INTRODUCTION
Continuous positive airway pressure (CPAP) is extensively used for a variety of neonatal respiratory conditions and has had a considerable impact in reducing neonatal morbidity and mortality. 1 -8 Potential benefits of CPAP include prevention of atelectasis, 1, 3, 8 improved oxygenation, 1, 3, 8, 9 a decrease in the work of breathing, 7,10 -12 and a decrease in the frequency and severity of apneas. 13, 14 The improvement in oxygenation associated with CPAP is thought to be due to an increase in the alveolar surface area available for gas exchange, a decrease in intrapulmonary shunt, and improved chest wall mechanics. 1, 7, 8, 15 However, we reasoned that CPAP may shorten and weaken the diaphragm by increasing endexpiratory lung volume (EEV). Therefore, any augmentation of oxygenation associated with CPAP would be due to mechanisms other than improved diaphragm function. The extent to which CPAP alters diaphragm dimensions in spontaneously breathing neonates has not been assessed. The purpose of this study was (1) to evaluate changes in diaphragm thickness (t di ) and length (l di ) with CPAP and (2) to assess the relationship of t di and diaphragm excursion (e di ) with arterial oxygen saturation (SaO 2 ) at different levels of CPAP in spontaneously breathing preterm infants.
PATIENTS AND METHODS Subjects
We studied 12 preterm infants who were clinically stable and receiving CPAP for either apnea of prematurity or postextubation respiratory support [birth weight 1120±225 g (mean±SD); study weight 1187±400 g; gestational age 29±1 weeks; postnatal age 10±8 days; six males and six females]. There was no evidence of any acute illness in infants included in the study. Exclusion criteria included clinical instability, current supplemental oxygen, ventilatory support, congenital malformations, and !grade II intraventricular
OBJECTIVE:
The use of continuous positive airway pressure ( CPAP ) in the treatment of a variety of neonatal respiratory conditions is associated with improvement in arterial oxygen saturation, decreased long -term morbidity, and an overall improvement in infant survival. We reasoned that CPAP might change diaphragm length by increasing end -expiratory lung volume ( EEV ) , but the extent to which this occurs has not been assessed. This study was designed to evaluate ( 1 ) the extent to which CPAP shortens the diaphragm and ( 2 ) the relationship of diaphragm thickness and excursion with arterial oxygen saturation in spontaneously breathing preterm infants.
STUDY DESIGN:
Ultrasonographically ( 7.5 MHz transducer ) , diaphragm thickness and diaphragm excursion were measured in 12 stable preterm infants [ birth weight 1120 ± 225 g ( mean ± SD ) ; study weight 1187 ± 400 g; gestational age 29 ± 1 week; postnatal age 10 ± 8 days, six males and six females ] at three levels of CPAP [ 1 -3, 4 -6, and 7 -9 cm H 2 O ( low, medium, and high, respectively ) ] . Heart rate, respiratory rate, and arterial oxygen saturation were simultaneously recorded.
RESULTS:
We found that diaphragm thickness and arterial oxygen saturation increased, and diaphragm excursion decreased significantly at higher levels of CPAP ( p < 0.05 ) . The shortening of the diaphragm at the high levels of CPAP, calculated from the increase in diaphragm thickness, was 36% at EEV and 31% at end -inspiratory volume.
CONCLUSION:
We conclude that the improvement in arterial oxygen saturation with CPAP occurred despite the presence of a shorter and a less mobile diaphragm, and that other physiological and mechanical alterations accompanying the application of CPAP offset its negative effects on diaphragm function. We speculate that with excessive CPAP, however, diaphragm dysfunction along with the previously described adverse hemodynamic effects may outweigh its benefits on oxygenation. Journal of Perinatology 2001; 21:521 -524.
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hemorrhage. Written parental consent was obtained for each infant before the study.
Measurements
The diaphragm was visualized using a 7.5-MHz transducer placed in the right mid-axillary line at the level of the zone of apposition of the diaphragm to the rib cage at the eighth or ninth intercostal space. 16, 17 Ample prewarmed ultrasound gel was used to maintain acoustic coupling and ensure good image quality. Using the Bmode, two-dimensional coronal images of the diaphragm were generated and selected for clarity and parallelism for the three layers of diaphragm structure: the pleural reflection, muscular layer, and the peritoneal reflection. Images were recorded while the infants were breathing, immediately reviewed, and frozen at EEV and endinspiratory lung volume (EIV). Diaphragm thickness was measured at both EEV and EIV as the distance between the pleural and peritoneal reflections. The change in diaphragm thickness during inspiration (Át di ) was measured as the difference in t di at EEV and EIV. Five measurements of t di were made at each level of CPAP at EEV and EIV. Diaphragm thickness was measured to the nearest 0.1 mm, which is within the range of accuracy of the transducer.
To measure excursion of the diaphragm (e di ) dome, the transducer was placed lightly under the right costal margin in the mid-clavicular line. Using the liver as an acoustic window, the transducer was directed sagittally and cranially. We attempted to visualize the entire span of the diaphragm dome. Movements of the diaphragm were observed using a real-time ultrasound sector scanner and diaphragm motion was recorded on videotape for later analysis. Diaphragm excursion was measured, at the midpoint of the posterior third of the diaphragm, as the diaphragm's maximum caudal descent from end-expiration to end-inspiration. An average e di for five consecutive quiet breaths was obtained for each level of CPAP studied.
Heart rate (HR), respiratory rate (RR), and SaO 2 were monitored continuously at each level of CPAP by using a cardiorespiratory monitor (Datascope). Analysis of variance for repeated measures with Bonferroni correction was used to assess differences in t di , Át di , e di , HR, RR, and SaO 2 at different levels of CPAP. A p value of less than 0.05 was considered significant.
Protocol
Measurements were made at three levels of CPAP [1-3, 4-6, and 7-9 cm H 2 O (low, medium, and high CPAP, respectively) ]. CPAP was provided using the conventional nasal prong system (Vesta, Franklin, WI). Infants were studied at least 1 hour postprandial while sleeping in supine posture in an isolette. All studies were performed during quiet sleep as determined by the behavioral criteria. 18 The infants were studied initially at the level of CPAP prescribed for clinical indications. After measurements were obtained at the prescribed level, CPAP was increased ( +3 cm H 2 O) or decreased ( À3 cm H 2 O) randomly. Each infant then was allowed to acclimate to the new level of CPAP for 10 minutes. An investigator who was blinded to the changes in CPAP then recorded t di and e di along with other physiological parameters. For all studies, set level of CPAP was kept constant until all measurements were obtained.
RESULTS
Group mean values of t di (measured at EEV and EIV), Át di , e di , and other physiological variables are shown in the Table 1 . As CPAP was increased, there was a significant increase (8%; p=0.0001) in SaO 2 . The change in CPAP from low to high did not result in any significant alterations in HR. There was a trend toward decreased RR with increased CPAP, but this was not statistically significant.
As CPAP was increased from low to high levels, t di increased significantly both at EEV ( +57%) and at EIV ( +45%) (p<0.05 for both). Diaphragm excursion decreased by 31% (p<0.05) at the high level of CPAP. The effects of CPAP on t di and e di occurred in a graded pattern as the level of CPAP increased. The Át di during inspiration, however, was not significantly different between the low and high levels of CPAP.
DISCUSSION
The zone of apposition of the diaphragm to the rib cage is a location where the diaphragm abuts the rib cage and abdominal contents. In contrast to the dome of the diaphragm, the muscular layer of the diaphragm can be imaged in this region because there is no lung adjacent to the diaphragm. Ultrasonography has been used to accurately and reproducibly measure diaphragm dimensions in adults and children. 16, 21 In adults, when t di is measured from the same external chest wall location, these measurements are also reproducible over 2-to 6-month periods. We have now extended this technique to image preterm and term neonatal diaphragm in the zone of apposition. 17, 22, 23 We found that the diaphragm zone of apposition could be easily visualized in both preterm and term infants, and that in each infant, t di was uniform over the range of interspaces sampled. As has been reported for adults and term infants, 
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Effects of Continuous Positive Airway Pressure the coefficient of variation in our preterm patients was less than 10% when repeated measurements were taken over a given external location. Normally, in the newborn, the relaxation volume of the respiratory system is low due to the compliant nature of the neonatal chest wall. 24 Consequently, there is a tendency toward atelectasis and decreased gas exchange. To prevent atelectasis and improve gas exchange, infants commonly employ breathing strategies such as grunting and rapid inhaling in order to maintain EEV. Over the past 25 years, CPAP has been extensively used to augment the newborn's natural breathing strategy to maintain EEV in a variety of neonatal respiratory disorders. 5 Benefits include improved oxygenation, 1, 3, 5, 8, 19, 20 a decrease in the work of breathing, and a decrease in the frequency and severity of neonatal apnea. 5,7,10 -14 Multiple factors are thought to contribute to the improvement in oxygenation with CPAP. By increasing EEV, collapse of alveoli with marginal stability may be prevented. 1 Maintaining ventilation to these unstable alveolar units would reduce intrapulmonary shunt and decrease dead space ventilation. Both factors result in more effective alveolar ventilation. 1, 3, 19, 20 The application of CPAP also stabilizes the chest wall, lessens its retraction during inspiration, improves chest wall-abdominal synchronization, and hence, respiratory mechanics. 19,20,25 -28 This leads to an increase in tidal volume and better gas exchange. Furthermore, by increasing EEV, CPAP may improve diaphragm performance by allowing the respiratory system to operate over a more compliant portion of the pressure-volume curve and by decreasing total airway resistance due to an increase in airway calibre. 12 Both factors would decrease the work of breathing. 1, 7, 8, 15 Accordingly, the energetic demands placed on the diaphragm would be decreased and diaphragmatic fatigue potentially averted.
However, it is likely that increasing CPAP impairs diaphragm performance by altering its operational length. In the present study, t di increased as CPAP was increased from low to high levels in each infant. Using t di , we can calculate the change in resting length of the diaphragm between low and high levels of CPAP (l di low/l di highÂ100) (see Appendix section). Thus, the resting length of the diaphragm decreased by 36% at EEV and was 31% shorter at EIV at the high level of CPAP. These are the first objective estimates of diaphragm shortening with the application of CPAP in premature infants. However, since a change in CPAP from low to high may increase chest wall perimeter, these reductions in l di may be underestimates. The magnitude of diaphragm shortening that we calculated at EEV may be sufficient to impair diaphragm function. Diaphragm length is a critical determinant of its performance. Diaphragm strength decreases as the diaphragm is shortened. 29 The optimal length for diaphragm tension generation is at, or slightly below, EEV and maximal transdiaphragmatic pressure declines as lung volume increases above EEV. 30, 31 Furthermore, small changes in diaphragm resting length may have profound implications on diaphragm endurance and energetics. 32 If similar changes in diaphragm strength, endurance, and energetics occur in the neonate, as have been reported in the adults, the higher levels of CPAP would adversely affect diaphragm performance. However, an increase in SaO 2 , despite a decrease in l di and e di , indicates that the overall oxygenation improved even if diaphragm function was impaired at the high level of CPAP studied.
We found that e di during inspiration decreased as CPAP increased. This may be due to the improved lung compliance and decreased work of breathing resulting in decreased diaphragm excursions. On the other hand, with reduced e di at high levels of CPAP, the inhaled volume attributed to diaphragm displacement may be reduced. The change in diaphragm length during inspiration, then, would be expected to be less at high levels of CPAP. However, the change in t di during inspiration did not decrease as CPAP increased. The discrepancy between the results for the change in t di during inspiration and e di at the different levels of CPAP is not obvious but may be due to alterations in diaphragm and chest wall configuration or differences in breathing pattern.
To summarize, using ultrasonography, we provide the first objective assessment of the extent of diaphragm shortening and motion during CPAP in preterm infants. The findings, that oxygenation improved but the diaphragm was relatively shorter and had decreased excursion during inspiration at the higher CPAP, suggest that the application of CPAP may impair diaphragm function. Adaptation to high levels of CPAP includes less diaphragm excursion during tidal breathing. We speculate that reduced atelectasis and decreased intrapulmonary shunt are the likely mechanisms for improved arterial oxygenation on CPAP. With excessive CPAP, however, diaphragm dysfunction along with the previously described adverse hemodynamic effects (such as reduction in cardiac output and increase in intrapulmonary shunting) may outweigh the benefits on oxygenation.
APPENDIX
Calculation of diaphragm length (l di ) from diaphragm thickness (t di ):
where m, t, p, and l represent diaphragm mass, thickness, perimeter, and length, respectively. Assuming m and p are constant:
Therefore, change in diaphragm length from low and high CPAP can be obtained as follows:
l di low=l di high Â 100 ¼ t di high=t di low Â 100
